A numerical method for optimization of the cable lengths in trawls with respect to the ratio between the estimated trawl drag and the predicted catch efficiency is developed and applied. The trawl cables of interest are warps, bridles, headline and footrope. The optimization algorithm applies an ordered sequential process changing one cable length at the time. It is assumed in the predictions that the catch efficiency of the trawl is proportional with the trawl mouth area. In a case study optimizing a bottom trawl used on a research vessel by applying the new method it is predicted that it would be possible to reduce the ratio between trawl drag and catch efficiency by up to 46% by optimizing the cable lengths. Thus this would enable a considerable reduction in fuel consumption to catch a specific amount of fish. Moreover, we predict an increase in the value of the trawl mouth area leading to better catching efficiency without increase in otter door drag.
Introduction
The improvement of fuel consumption can be achieved by geometrical or physical 24 modification of trawls to make them fuel efficient. Using the concept of hydro-25 dynamic resistance Kim et al. [Kima] developed a new analysis of fishing gear 26 performance using computer simulation. As an example of gear modifications, he 27 analysed decrease of twine diameter or increase of mesh size in order to assess the 28 impact of these alterations on fuel consumption. In the same way Ward et al. [War] 29 have tested reduction of twine diameter and increase of mesh sizes.
30
Trawl energy consumption depends on the drag it exerts and in previous works 31 such as the following references [Pria,Khaa,Khab] , we focused on panel cutting 32 and design for fuel consumption reduction. While this might be satisfactory from 33 the designer point of view, fishermen might differ and tend to avoid reworking panel 34 design as it is generally considered as a rather tedious task.
35
Drawing from our previous work that dealt with an automatic optimization proce-36 dure of trawl panel cuttings as parameters, we changed the focus of our procedure 37 using cable lengths as parameters.
38
The goal is to minimize the ratio of trawl drag to trawl mouth area. The basic as-39 sumption of the optimization is that the catch efficiency of the trawl is proportional 40 with the mouth area of the trawl. Under this assumption can the ratio of trawl drag 41 to the mouth area of the trawl be used as a proxy to optimize the ratio between drag 42 and the amount of fish caught.
43
In principle, the target species must be considered and in particularly their be- 
52
Our previous works were motivated by the reduction of drag that leads to decrease 53 of fuel consumption. Because drag is mostly due to netting (see Appendix A for a 54 general description), we focused optimization on netting design. If OF were drag, a 55 large decrease of the netting surface might occur leading to a reduction of the catch 56 efficiency. Consequently we define rather the OF as the ratio between drag and 57 trawl mouth area. In addition, we have shown previously that optimization leads 58 mostly to an increase of mouth surface rather than drag decrease. This is why we 59 focus presently on cable lengths that are expected to have a large effect on mouth 60 surface and a small one on drag.
61
We show that this tool when applied to trawl cable length design could offer poten-62 tial saving in fuel consumption per kg of fish caught. This finding is based on the 63 assumptions that the fuel consumption is related to the drag of the gear and that the 64 mass of fish encountering the gear is proportional with the mouth area of the trawl. This paper is organized as follows: In section 2 we describe the physical trawl 72 along with the numerical method covering the OF, design variables, and constraints. 
Bottom trawl description

80
A trawl used typically in a research vessel [Stu] is displayed in fig. 1 
Numerical model
87
The mechanical finite element method adapted to fishing net upon which the OF 88 is built has been described in detail previously [Prib] . The FEM model consists 5029 triangular elements and 180 nodes per cable (for a 0.5m discretization step).
93
The FEM discretization of net and panel along with numbering scheme and as-94 sembly with supporting cables are fully detailed in fig. 3, fig. 4 ters has already been analyzed in ref. [Pria] . In this work we refine the optimization 
Objective function and design variables
111
In order to define the OF we recall that energy required annually during hauls is 112 due to drag (D) and the annual distance covered by hauls (L). If propulsion system 113 efficiency (η) is known, as well as fuel work capacity (h f ), fuel volume of the trawling operation (V f ) can be assessed by the following relation: 
121
The amount of fish caught by trawl is the intersection of mouth trawl area and fish 122 distribution.
123
The quantity of fish caught per year is the product of the annual covered distance (L) 
132
The ratio between consumed fuel and captured fish is obtained as: The optimization is based on three main points :
171
The starting point is the OF definition. It is expected to decrease during the opti-172 mization process. In the present study, the OF is a scalar equal to ratio of trawl drag 173 to mouth area intersecting the fish distribution. Basing on previous assumptions,
174
we conclude that OF is proportional to the ratio of fuel quantity and amount of captured fish.
176
The second issue is the set of variables, which are the cable lengths. We build 177 a vector containing all cable length variables. The size of this vector (nb) is the 178 number of cables the user chooses to modify.
179
The third one is the list of constraints which consist of tests that might lead to reject 180 change in cable length. An example of constraint is that the headline must always 181 be in front of the foot-rope 2 to avoid fish escapement (see fig. 6 ), in other words,
182
cables # 4, 6, 8 and 10 (see fig. 7 ) must always be ahead cables # 5, 7, 9, 11 and 12.
183
Another constraint is that the foot-rope (cables # 5, 7, 9, 11 and 12 on fig. 7 ) must 184 always be in contact with sea bottom.
185
In order to run the optimization, we have to initialize all cable lengths according to 
187
The optimization method could be best described by the pseudo-code listed in the 188 box below.
189
In other words, performing such optimization requires that we start from some iii) select variables leading to the best OF while respecting imposed constraints.
194
The above three steps are done again starting from new values of the variables until 195 no improvement is observed in the OF.
196
2 this constraint is realistic for most bottom trawls but not for topless design
Algorithm 1 Successive Optimization Tool (SOT)
Require: [Pria,Pric] . We found in the bottom trawl case (ref. [Khaa] ), that 207 the vertical opening of the optimized trawl was sometimes too small resulting in a 208 potential decrease of the amount of fish caught.
209
This prompted us to amend the SOT optimization method through the consideration 210 of an alternative OF given by the ratio of the drag to the effective swept area.
211
It will be shown later that in trawl optimization the number of variables is quite 212 large requiring a computationally intensive effort.
213
The efficiency of the method depends strongly on the amount of modification of 214 the variables. This modification is a percentage of the various trawl cable length.
215
Next we provide a detailed example illustrating in detail the optimization process. 
The final optimized design corresponds to the last U 0 . 
Rounded trawl concept
250
The use of the optimization tool leads to alterations of cable length. Our software is 251 able to trace the OF minimization part for which some cable is responsible. When 252 a given cable participation is small, its length modification is not accounted for.
253
In summary, the optimization tool suggests some cable alteration, nevertheless the 254 user is free to select among the most significant changes in terms of contribution to
255
OF minimization. The resulting structure is called the rounded trawl. 
Potential time and money savings 257
The potential time and money savings generated by this optimization are evalu-258 ated on the following assumptions for both bottom trawls previously described: the 259 reference and the optimized one. 
Rounded trawl optimization results with respect to reference trawl
274
We start with the simulation of the reference trawl. We find that the obtained drag is fig. 1 and the shape is 278 in fig. 8 .
279
Once OF building has been done according to the procedure described in sec- 
297
We obtain a net fuel consumption reduction of 46% and the corresponding 3D
298
shape is shown below in fig. 10 .
299
A slight increase in optimized trawl width is observed (from 24.3 m to 24.6 m) as 300 well as in height (from 3.5 m to 6.1 m) leading to an increase of effective mouth 301 surface and therefore a decrease in the number of fishing trips.
302
From the above results, a numerical issue should be addressed and that is the condi-303 tioning of the optimization problem. This stems from the fact a small change (such 304 as 1%) in cable # 2 produces a gain larger than 80% of the total fuel reduction gain 305 (see fig. 11 ). This stems from the fact, this cable controls the headline height as 306 seen in fig. 8 and labeled in fig. 1 
332
The application of this tool to design a bottom trawl used in research vessel [Stu] 333 leads in the 6 m depth uniform fish distribution to an important fuel saving, the 334 largest reduction being obtained with cables # 2, 4 and 12.
335
When we finalize the optimization process by rounding the lengths of the latter 336 cables, we reach a substantial improvement in terms of energy efficiency savings 337 for bottom trawl (about 46%).
338
OF depends on spatial fish distribution since it is given by the ratio of drag to ef-339 fective swept area S i . The latter is determined by the intersection of trawl mouth 340 surface with the area over which fish population is distributed. Uniform distribu-341 tion over 6 meters depth is assumed in this work. From our results, it appears that 342 improvement is mostly due to increase of effective surface (80%) rather than drag 343 decrease (2%).
344
During optimization, the modification size (PR) cannot be a priori determined. This 345 is why the optimization has been carried out using several values as percentages.
346
The user has finally to choose among the different results. These range from 4% flat-fish, Ryer [Rye] shows that its capture can be viewed as a sequence of behav- demonstrates generally greater endurance in the same circumstances.
370
In the case of Nephrops, Main and Sangster [Mai] showed that a combination of any effect on herding neither on catch. Same applies to sweeps.
376
While few works on numerical models of fish behaviour in presence of fishing nets 377 exist, Kim and Wardle [Kimb] derived one in the case where fish is in front of the 378 gears and Herrmann [Her] focused on its behaviour in cod-ends.
379
Our work is mainly focused on the optimization process and the modeling of the 380 catching process does not account for the detailed fish behaviour as discussed 381 above.
382
On the other hand, since our work is mainly numerical, we intend, in the future, to 
392
This contradictory set of geometrical constraints will be handled in our future work 393 consisting of full optimization of cables and panels simultaneously in order to 394 achieve further reduction of fuel consumption.
395
In Table 4 we display drag reduction in the optimized trawl case. This reduction examples of bottom trawl. It can be seen that most of the drag is due to the netting.
404
The FEM model described in ref. [Prib] calculates the drag and the swept area of 405 trawls taking into account the following forces exerted on the structure:
406
• The inner tension in twines: 
413
• Drag force exerted on each twine of the net by the towing speed: θ : Angle between the twine and the towing speed (radian).
426
• The drag on the bottom: The trawl drawing with all physical lengths are detailed in fig. 13 . and optimized case whereas the full 3D form is displayed in fig. 15 . The selected 440 optimization method is the SOT with a PR equal to 2%.
441
The net is of "Aleze PA material 600 MS 22 mm" type with 22 mm twine length 442 and 1.75 mm twine diameter. The warps and rope are of the "PA" type with 6 mm 443 diameter. The foot-rope is sewn to a steel chain having a 2 m length and a 2.25 kg/m 444 density.
445
In the following Table 2 For each cable, we provide the reference length (RL), optimized length (OL) and length modification (LM). The gain percentage is the amount of reduction obtained by a given cable to total gain. The rounded trawl uses only modification of cables # 2, 4 and 12 (bold) because they lead to the most significant improvement. Table 3 Optimization considering constant fish distribution over 6 m depth. Main optimization results are given considering modification size of 1%. These results are: OF value (Drag/S i ), drag of the trawl, mouth area, intersection swept mouth with fish distribution, vertical opening and horizontal opening. The figures are for the reference, optimized and rounded trawls and the differences between the optimized trawl and the rounded one are compared to the reference. Otter door forces are defined as the resulting difference between door and warp and door and bridle respectively.
Values
Reference trawl Rounded trawl
Drag ( Table 4 Duration of the fishing trip per year, distance covered per year as well as drag, drag energy, horizontal opening, filtered volume, S i and fuel volume and cost for the reference trawl and the rounded one in which only the principal cables (# 2, 4 and 12) giving the largest reduction contribution are accounted for. The main results (bold) are a reduction of fuel cost (46%) and days at sea (45%).
Cables
7% -8%
Otter boards
19% -21%
Netting
60% -66%
Catch
0% -10%
Ground rope 4% -5% Total 100% Table 5 Drag distribution between bottom trawl components. These figures originate from modeling that shows that most of the drag is due to the netting.
Reference net
Optimized net Difference (%) Table 6 Optimization results and comparison between reference net and optimized net for a 0.6 m/sec speed and 270 cm warp separation. Fig. 1 . Layout of reference trawl displaying cable number. Due to trawl symmetry, only half parts of back and belly are presented. The floats on the headline are displayed as well as the door (Square). The warp is cable # 15, the bridle is # 1, the top leg is # 2 and the bottom leg is # 3. Due to the large number of netting twines only 1 twine out of 10 is drawn. Fig. 2 . Triangular meshes used in the FEM model. The discretization size is 2 m (shown in this figure), whereas the verification size is 0.5 m. Fig. 3 . Layout of reference trawl displaying FEM triangulation of the net with panel numbering scheme. Mesh discretization size is 2 m. In the following fig. 4 we detail the partitioning of panel number 3 and in fig. 5 the connectivity between panels 1 and 3 and assembly with surrounding cables are displayed. fig. 1 ). The numbering scheme is symmetric with respect to a vertical mirror plane situated at the center of the trawl. Only 1 twine out of 10 is drawn. Fig. 8 . Frontview (top) and 3D (bottom) aspects of the reference bottom trawl. We display a zoom on the netting and only 1 twine out of 10 are drawn. Since the top leg (cable # 2 in fig. 1 ) supports the entire fishing net, we expect its length to play a major role as discussed in the text. fig. 4 we detail the partitioning of panel number 3 and in fig. 5 the connectivity between panels 1 and 3 and assembly with surrounding cables are displayed. fig. 1 ). The numbering scheme is symmetric with respect to a vertical mirror plane situated at the center of the trawl. Only 1 twine out of 10 is drawn. Fig. 8. Frontview (top) and 3D (bottom) aspects of the reference bottom trawl. We display a zoom on the netting and only 1 twine out of 10 are drawn. Since the top leg (cable # 2 in fig. 1 ) supports the entire fishing net, we expect its length to play a major role as discussed in the text. 
